Objective: Heart failure in patients and in animal models is associated with action potential prolongation of the ventricular myocytes. Changes in several membrane currents have been already demonstrated to underlie this prolongation. However, information on the two components (I and I ) of the delayed rectifier potassium current (I ) in rapid pacing induced heart failure is lacking. Methods and underly action potential prolongation at physiological cycle length and thereby contribute to arrhythmogenesis in heart failure.
dissociation [4] [5] [6] . Electrophysiological remodeling is associated with the progression of hypertrophy and heart failure [7] . Heart failure in patients and in several animal 1. Introduction models is associated with action potential prolongation of the ventricular myocytes [8] [9] [10] , albeit that this prolongaCongestive heart failure carries a grim prognosis. Five tion is less prominent at physiological cycle length [9] . year survival is well below 40% [1] with half of deaths Action potential prolongation in itself may be expected to classified as sudden [2, 3] . These deaths are probably decrease the propensity to (reentrant) arrhythmias [11] . However, this no longer holds when the prolongation becomes excessive, thereby leading to early afterdepolari-zations [12] , or when the prolongation is regional and 2.1. Animal model thereby increases dispersion in action potential duration and refractoriness [13] .
Rabbits were anesthetized with a mixture (1 ml / kg im.) One of the available models of heart failure [9, [14] [15] [16] , of ketamine hydrochloride (50 mg / kg) and xylazine (5 the rapid pacing model, shows severe reduction in cardiac mg / kg). Supplemental anesthesia was provided by thiamyl output, based on impaired contractile function, and insodium (25 mg / kg) iv. They were intubated and ventilated crease of systemic vascular resistance, left ventricular wall artificially with room air supplemented with oxygen (tidal stress, and of several neurohumoral factors [15, 16] . Rapid volume 10 ml / kg; frequency 25 / min). After opening the pacing of the ventricles leads to heart failure within [2] [3] left fourth intercostal space, part of the pericardium was weeks in rabbits [17, 18] , and within 3-4 weeks in pigs cut to expose the anterior surface of the heart. An unipolar [19] and dogs [20, 21] . Unfortunately, action potential pacing lead (Medtronic, USA: 6491) fixed to the anprolongation associated with heart failure is often assessed terobasal region of the left ventricular free wall was at unphysiological long cycle length [18, 20, 21] and absent connected to a pacemaker (Medtronic, USA: 5985), which at physiological cycle length [18] .
was implanted subcutaneously in the back. The chest was Changes in membrane currents underlying prolongation closed in layers. Post-operatively, cefotiam hydrochloride of the ventricular action potential are incompletely under-(10 mg / kg) was given for 5-7 days. Two weeks after the 1 stood. The transient outward K current (I ) is dowoperation, i.e. following full recovery from surgery, the left to1 nregulated by some 65% in rabbit [18] and in dog [21] and ventricle of each rabbit was paced at 350-380 beats / min, also substantially in myocytes from patients [22] with and pacing was continued for 3-4 weeks. The pacemaker end-stage heart failure (review [23] ). The L-type inward implantation was carried out in a total of 26 rabbits; 16 21 Ca current (I ) was found to be unchanged in rabbit were paced to induce heart failure, the remaining 10 were Ca-L [18] and in dog [21] , whereas a reduction by 40% was unpaced as controls. All 16 paced rabbits showed physical demonstrated in the pig [19] . In all three species the signs of heart failure 3-4 weeks after the initiation of responsiveness of I to b-adrenoceptor stimulation was pacing. Six rabbits died during the observation period Ca-L blunted by 40% or more [18, 19, 21] . By and large, there is probably due to serious pump failure. The remaining 10 a tendency to a decrease in I in the more severe stages rabbits were sacrificed for electrophysiological experiCa-L of hypertrophy and heart failure (reviews [7, 8] ). Measurements. All 10 control rabbits survived the observation ment of membrane currents at room temperature and of period. action potentials at physiological temperature [19, 21] To monitor the progress of heart failure during the hampers understanding of electrophysiological changes observation period, two-dimensional echocardiography relevant for arrhythmias in heart failure.
was carried out periodically together with recordings of The delayed rectifier (I ), relevant for repolarization scalar electrocardiograms (ECGs). The recordings were K [24] and first described by Noble and Tsien [25] in 1969 performed under anesthesia by a mixture (1 ml / kg im.) of and later dissected into rapid (I ) and slowly activating ketamine hydrochloride (30 mg / kg) and xylazine (5 mg / Kr components (I ) by Sanguinetti and Jurkiewicz [26] , has kg). The pacing was turned off transiently for the recordKs been demonstrated in guinea-pig [26] , dog [27] , rabbit [28] ings in sinus rhythm. Electrophysiological experiments in and human ventricular myocytes [29] . Information on I single ventricular myocytes from paced hearts were carried Kr and I is lacking in pacing-induced models of heart failure out as soon as fractional shortening (FS) was ,22%.
Ks [18] [19] [20] [21] and in patients with end-stage heart failure [7] . In the present study we demonstrate for the first time dow-2.2. Electrophysiological experiments nregulation of both I and I by about 50% in rabbits Kr Ks with pacing-induced heart failure in association with action Myocytes were isolated enzymatically from the apex of potential prolongation at physiological stimulation frethe left ventricle by the same procedure as recently quency and at physiological temperature.
described [28] . In brief, the hearts were perfused on a Langendrorff apparatus with normal Tyrode's solution (gassed with 100% O at 348C) for 3-5 min, then with 2 21 Ca -free Tyrode's solution for [10] [11] [12] [13] [14] [15] The pCLAMP program (Axon Instruments) was used in sampling frequency of 2 kHz. data analysis. Data were expressed as mean6SEM.
1
When the delayed rectifier K current (I ) was meaStatistical analysis was performed using unpaired Student's
sured, the myocytes were superfused with Na -free, Kt-test. Values of P,0.05 were considered significant. free solution including N-methyl-D-glucamine (NMG) to 1 eliminate relatively large inward rectifier K current (I ).
K1
It has been proposed that the rapidly activating component 3. Results
1
of I (I ) is greatly suppressed in extracellular K -free K Kr condition in some animal species such as guinea pigs and 3.1. Characteristics of heart failure dogs [27, 30] . However, in our previous study [28] on I Kr of rabbit ventricular myocytes, we showed that although Long-term (3-4 weeks) rapid ventricular pacing dethe current density during depolarization in NMG solution creased fractional shortening, increased end-systolic and was significantly larger than in Tyrode's solution, there end-diastolic diameter, and left atrial diameter. It reduced was no significant difference in the tail current density the wall thickness of the interventricular septum and the between the two solutions. The two components of I , I
posterior wall of the left ventricle (Table 1) . Table 2 K Kr and I , were pharmacologically separated by the applicasummarizes the ECG data obtained from the failing and Ks tion of a selective blocker, E-4031 (5 mM). The E-4031-control rabbits. The QT interval was corrected (QTc) sensitive component was obtained by digital subtraction of according to the method of Carlsson et al [31] for rabbits the E-4031-resistant component from the total I current.
with the formula QT 5QT20.175(RR-300). In the failing
The E-4031-sensitive and -resistant components were rabbits 3-4 weeks after pacing, the QT interval and the measured as indexes of I and I , respectively. The QT interval were significantly prolonged by 9.2% and 6.8%, respectively from the baselines before pacing. QRS duration was unchanged after pacing. Heart rate (HR) after pacing tended to be increased, but the difference from the baseline did not reach statistical significance. For comparison, the control rabbits showed no changes in the measured ECG parameters after the corresponding observation period. All failing rabbits had considerable amounts of ascites and pleural effusion. They showed increased heart, lung and liver weight both absolute and relative to body weight (Table 3) . in phase 1 at 333 ms and 1000 ms, which is markedly cells from 6 rabbits) at all studied cycle length.
attenuated in myocytes from failing hearts. Action potential duration (APD ), measured at 90% of repolariza-90 tion, was prolonged in myocytes from failing hearts CL and APD . With increasing CLs, the difference in 90 compared with control hearts at both 333 and 1000 ms APD between normal and failing myocytes became more 90 ( Fig 1A, Table 4 ). Fig. 1B shows the relationship between pronounced. Action potential duration, measured at 50% repolarization, resting membrane potential and action potential amplitude did not differ between the two groups. density from 220 mV to 120 mV was significantly Deactivation of I tail following the depolarization to decreased in the failing myocytes. voltages. Time course of I inactivation was similar for to1 control and failing myocytes. changes in membrane currents were assessed at physiologiTo elicit I , 300 ms hyperpolarizing or depolarizing cal temperature and were associated with prolonged action K1 voltage steps between 2100 and 220 mV were applied potentials at physiological cycle length as well as from a holding potential of 240 mV at 0.1 Hz (Fig. 6) .
prolongation of QT and QTc intervals in ECG. The steady-state currents at the end of the clamp pulses were measured as an index of I . There was no significant 4.1. Downregulation of membrane currents in heart K1 difference in the density of I between control and failing failure K1 myocytes. Although a decrease in -unseparated-delayed rectifier current has been demonstrated in ventricular myocytes 4. Discussion obtained from cats with hypertrophy resulting from pulmonary [32] and abdominal banding [33] , our study is the In the present study of pacing-induced heart failure in first to show a substantial (about 50%) reduction in both rabbits, we observed a substantial reduction in I density.
components of the delayed rectifier in an animal model of K We also observed a decrease in I and I densities, but heart failure based on rapid pacing. Especially the dow- failing myocytes compared with control myocytes. The contribute to increased dispersion in action potential [18] In our model we observed (i) a decrease in I Ca-L density, (ii) prolongation of the terminal phase of the action potential at physiological cycle length and (iii) cardiomegaly, whereas all these three changes were absent in the study of Rozanski et al. [18] Probably the longer duration of the period of pacing in our study compared to the study of Rozanski et al. [18] caused these differences. The absence and presence of changes in I density in
Ca-L models with respectively less severe [18] and more severe heart failure (this study) is in line with previous data (reviews [7, 8] ).
Physiological implications
Both delayed rectifier currents have been described in dog ventricle [27, 39] , in rabbit ventricle [28] , in guinea pig ventricle [40] and in human ventricle [29] . [27] and in guinea pig with lower density in subendocardial compared to subepicardial cells [40] ., Secondly, I is larger at the base than at the apex of Ks the rabbit ventricle whereas I is larger at the apex than at Kr the base [28] . Thirdly, I is about two times larger in right Ks than left canine ventricular midmyocardial cells [39] . Kr and I was described in myocytes from apparently normal Ks right ventricles which were obtained from failing explanted duration, and related refractory periods and calcium transhearts [30] . Whether or not these hearts may be considered ients [34] [44] . This may be due to much smaller single channel I was decreased by about 50% in isolated myocytes from conductance of I [45] . Because delayed rectifier current Ks Ks left and right ventricles, compared to control. The density is very sensitive to cell isolation artifacts [46] , definite of I was decreased by 45%, but only in myocytes from conclusions with respect to heart failure in man cannot be Kr the right ventricle [36] . In atrial myocytes isolated from made until more data are available.d ogs with pacing-induced heart failure, Li et al. [37] have Kaab et al. [21] showed previously that inhibition of I to1 shown a significant reduction of I density along with converts a 'normal action potential' into a 'failing action Ks decreased I and I densities. potential' in myocytes from normal canine ventricle,
Ca-L to1
Our data on downregulation of I are in agreement whereas current injection during a brief 8 ms period Ca-L with those in the pig [19] . Recently, it was demonstrated directly following the upstroke of an action potential that this downregulation starts as early as after 1 week of -mimicking the effect of activation of I -reverts a to1 rapid pacing [38] . There were three differences between 'failing action potential' into a 'normal action potential' in our study and another study in the rabbit of Rozanski et al. myocytes from failing canine ventricle. This suggests an important role for I in action potential changes during 5. Conclusion to1 the progression of heart failure. Indeed, downregulation of I appears to present a common factor in all animal The downregulation of delayed rectifier potassium curto1 models of heart failure and also in end-stage heart failure rents (I and I ) in heart failure, may render these Kr Ks in patients [7, [18] [19] [20] [21] [22] [23] 27, 29, 35] . However, these observacurrents important for action potential prolongation at tions are often made at very long cycle length and I is physiological cycle length and for arrhythmogenesis in to1 strongly rate dependent. At high heart rates it may fail to heart failure. recover from inactivation almost completely [47] and its behavior is very much different at steady state cycle length and after sudden changes in cycle length [48] . Recovery
